The rearrangement of silicon dangling bonds induced by pulsed laser heating of monohydride-covered Si͑001͒ surfaces has been studied by means of scanning tunneling microscopy ͑STM͒. The initial configurations, which were created by laser-induced thermal desorption, consist of isolated pairs of dangling bonds at two adjacent dimers and represent an excited state of the surface. Hydrogen diffusion causes this arrangement to change during only a few nanosecond laser pulses into the equilibrium configuration with most of the dangling bonds being paired up at a single dimer. STM images taken after different numbers of heating pulses show snapshots of the surface configuration frozen at various stages of the fast equilibration process. In this way, hydrogen diffusion associated with rates as high as 10 8 s −1 could be monitored with atomic resolution. Comparison with Monte Carlo simulations of the diffusion processes allows for the precise determination of both the diffusion rates and the pairing energies between dangling bonds at high surface temperature.
I. INTRODUCTION
Real-space investigations of adsorbate processes on surfaces by means of scanning tunneling microscopy have been of considerable interest in the last few years.
1-3 Both reaction and diffusion processes have been revealed with atomic resolution and otherwise inaccessible reaction pathways could be clarified. However, these investigations are largely limited by the time resolution of scanning tunneling microscopy ͑STM͒. Devices optimized for the so-called video STM mode can capture consecutive images with a frame rate that is the highest in the range of 100-200 frames" s. 4 As an obvious first consequence, fast processes with rates exceeding 10 2 s −1 are not accessible to this type of real-space investigations. As a second consequence, as soon as there are two competing processes active on the surface with one having a substantially higher activation barrier than the second one, in most cases only the low-energy process is accessible to investigations by STM: Once the rate for the slower process is high enough to be measured on the time scale of a typical surface science experiment, the faster process is already too fast and the adsorbates' movement cannot be monitored by means of STM anymore.
Recently, we have shown for recombinative hydrogen desorption from Si͑001͒ that this general difficulty can be circumvented by combining pulsed laser heating with STM. 5 Normally, at moderate surface temperatures, hydrogen diffusion with an activation barrier of E dif = 1.7 eV ͑Refs. 6 and 7͒ is fast when compared to desorption ͓E des = 2.5 eV ͑Refs. 8 and 9͔͒. Therefore, the configurations of dangling bonds imaged after a conventional ͑slow͒ heating cycle 10 always represent the equilibrium configuration of the surface and do not allow one to draw conclusions on the desorption pathway. 11 At high surface temperatures, however, the Boltzmann factors for diffusion and desorption converge and, in the case of H/Si͑001͒, a higher prefactor additionally increases the relative weight of the desorption rate. 5 For this reason, when a hydrogen covered surface is heated by a laser pulse only for a few nanoseconds to temperatures well above 1000 K, the probability for the dangling bonds created by H 2 desorption to diffuse during the same cycle is low. As a consequence, the configurations observed after one laser shot reflect the initial desorption sites, i.e., two dangling bonds on two neighbored dimers. 5 In this contribution, we now make use of the pulsed laser heating to observe the further evolution of the dangling-bond configurations created by hydrogen desorption, if one allows for diffusion after the desorption process. The initially created single dangling bonds on two neighbored dimers represent an excited state of the surface, since two dangling bonds paired on one dimer are favored by about 0.3 eV due to pi interaction between those dangling bonds.
10,12-14 Subsequent laser pulses not only do cause further desorption but also lead to a reorganization of the adsorbed hydrogen toward the equilibrium distribution. If the hydrogen configurations are observed by means of STM after different numbers of laser shots, this evolution can be detected both with high temporal and spatial resolution. Diffusion rates as high as 10 8 s −1 could be determined on the atomic level, i.e., more than five orders of magnitude higher than in the case of conventional STM studies on hydrogen diffusion. 6, 7, 15 With this, the observation of surface processes on a time scale far beyond the limits of conventional video STM is demonstrated. To analyze the STM results in more detail, we performed Monte Carlo simulations of the combined desorption and diffusion process. Comparison with the experimental results allows for the precise determination of the diffusion rate as well as the interaction energies both between two dangling bonds on one dimer and two dangling bonds on neighbored dimers. All the values are compared to results of measurements at lower temperatures. 6, 7, 14 
II. EXPERIMENT
The experiments were performed with a commercial STM ͑OMICRON VT-STM͒ in an ultrahigh-vacuum chamber, consisting of a preparation chamber with viewports for the laser-induced heating and a second chamber housing the STM stage where all measurements were performed; the base pressure was always below 5 ϫ 10 −11 mbar. All experiments were carried out using n-doped silicon samples oriented within 0.25°along the ͑001͒ direction. The Si͑001͒ samples were prepared by degassing the sample at 700 K and repeatedly flashing to temperatures above 1650 K by means of direct current heating. Slow cooling rates to room temperature of about 1 K / s then result in a clean and well ordered Si͑001͒͑2 ϫ 1͒ reconstruction with a minimum of defects.
Desorption and diffusion of the hydrogen atoms were induced with the frequency-doubled output of a Nd:YAG ͑yt-trium aluminum garnet͒ laser ͑ = 532 nm, pulse duration of 9 ns͒ that was focused on the silicon sample with a spot diameter of ϳ500 m, as shown in the inset of Fig. 1 . Between one and ten consecutive laser shots were employed to study the evolution of the dangling-bond configurations. After a complete series of heating pulses, the sample was transferred to the STM stage where it was analyzed.
The time evolution of the silicon surface temperature during one Gaussian laser pulse can be modeled by solving the one-dimensional heat conduction equation 16, 17 ‫ץ‬T͑z,t͒ ‫ץ‬t
because the diameter of the laser beam is much larger than the penetration depth of the laser light and the mean heat diffusion length parallel to the surface.
Here, E͑z , t͒ = ͓1−R͑T͔͒I 0 ␣e −␣z is the laser power absorbed per unit volume ͑J/cm 3 s͒, with the reflectivity R, the incident laser intensity I 0 ͑J/cm 2 s͒, and the adsorption coefficient ␣ ͑cm −1 ͒. Additionally, T is the temperature ͑K͒, z is the depth of penetration ͑cm͒, t is the time ͑s͒, C p is the specific heat capacity ͓J/͑g K͔͒, D = / C p is the thermal diffusivity ͑cm 2 /s͒, and is the density ͑g/cm 3 ͒. In the numerical calculation, heat diffusion normal to the surface is taken into account using temperature dependent values for the specific heat capacity C p , heat conductivity , and the absorption coefficient ␣ of silicon. 16, 18 Since the penetration depth of the laser pulse into the bulk is very small ͑ϳ1 m͒, thermal diffusion into the bulk leads to a fast cooling of the silicon surface within 10 ns, which is illustrated in Fig. 1 , where the surface temperature after heating with an intensity of 2.7ϫ 10 7 J/cm 2 s is shown as a function of time. Because of the exponential dependence of both desorption and diffusion rates on surface temperature, one can conclude that most of the processes will happen in a time window of only 3 -4 ns. During this short period of elevated temperature, one expects only 0.2-0.5 jumps per dangling bond from the extrapolated diffusion rates. 6, 7 In the experiment, small fluctuations in the laser beam intensity can lead to fluctuations in surface temperature and, consequently, to rather pronounced changes in the desorption and diffusion rates which depend exponentially on T s . We therefore did not use the measured laser fluence to determine the surface temperature via the modeled heat distribution but deduced T s indirectly in the area of interest by using the amount of hydrogen that is desorbed during each heating cycle. By comparing the amount of desorbed hydrogen with an extrapolation of the temperature dependence of the desorption rate measured at lower temperature, 9 with an activation barrier of E des = 2.48 eV and a prefactor of des = 2.1 ϫ 10 15 s −1 , it is then possible to deduce the mean temporal surface temperature. Since the desorption rates are available at much higher T s when compared to diffusion rates, 19 this extrapolation bridges a much smaller temperature range than the comparison between conventional video STM and our laser-induced thermal desorption STM measurements as shown below.
In order to study the hydrogen configuration after each sequence of heating pulses, it is first necessary to know the initial configuration of the hydrogen atoms and empty dangling bonds before the heating pulse. For this, we take advantage of the possibility to prepare nearly perfect monohydride surfaces on Si͑001͒; i.e., per silicon surface atom exactly one Si-H bond is established. It enables us to create the same initial configuration on the whole surface. These monohydride surfaces were prepared by dosing purified H 2 gas ͑99.9999% purity͒ via a gas inlet system, which was equipped with a liquid nitrogen trap to freeze out residual impurities. The hydrogen gas was then dissociated at a hot tungsten filament ͑2000 K͒. During the adsorption of the highly reactive H atoms, the sample was held at a temperature of ϳ580 K to avoid the formation of silicon dihydrides or higher hydride species. As an example, a monohydride surface that was prepared following this procedure is shown in Fig. 2 . The saturated dimer rows are clearly visible and only very few unreacted dangling bonds can be seen ͑Ͻ0.0005 ML͒.
Desorption of hydrogen from the monohydride surface by means of pulsed laser heating then leads to the creation of dangling bonds, which appear in the STM images as bright spots. Due to the Gaussian profile of the lateral intensity distribution of the laser beam, the surface temperature reaches much higher values at the center of the laser spot than in the outer region. This leads to different amounts of hydrogen desorption, varying from only a small percentage of a monolayer desorbed in the outer ring of the laser spot up to complete hydrogen desorption and even silicon ablation in the center of the laser spot. 5 For the quantitative analysis of the configurations after laser pulsed induced heating, we always choose a region which showed the same amount of desorption per laser pulse ͓Figs. 3͑a͒-3͑c͔͒. This guarantees nearly the same surface temperature per heating pulse. As a consequence, we observe an increasing amount of desorbed hydrogen with an increasing number of laser pulses ͓Fig. 3͑d͔͒. Figure 4 shows a filled-state image of an initially fully hydrogen covered Si͑001͒ surface with some of the hydrogen being desorbed after two consecutive heating pulses. The total amount of desorbed hydrogen atoms is des = 0.02 ML.
III. EXPERIMENTAL RESULTS
Different configurations of paired dangling bonds can be clearly identified in the STM images as shown in the closeups in the lower part of Fig. 4 . They are classified by means of the distance between the pairs of dangling bonds along the dimer row. In detail, the following configurations are identified: ͑i͒ the intradimer configuration, where two dangling bonds are found on the same silicon dimer; ͑ii͒ the cis-dimer FIG. 3. 50ϫ 50 nm 2 STM images of the monohydride Si͑001͒ surface after ͑a͒ one, ͑b͒ two, and ͑c͒ three consecutive heating pulses. Nearly the same amount of hydrogen was desorbed per heating pulse. Tunneling conditions were the same as in Fig. 2 . ͑d͒ The dependence of desorbed hydrogen on number of laser pulses.
FIG. 4. 50ϫ 50 nm
2 STM image of the saturated Si͑001͒ surface after two heating pulses taken at a negative sample voltage U = −2.0 V and sample bias I = 0.4 nA. The bright spots represent empty dangling bonds that are created due to the desorption of the hydrogen atoms. The detailed images in the lower part show the different configurations of paired dangling bonds that can be identified and the corresponding sketches: two dangling bonds on the same Si dimer ͑intra͒, two dangling bonds on neighboring dimers adverse ͑cis͒ and transverse ͑trans͒ from each other, and two dangling bonds separated by two ͑sep-2͒ and by three ͑sep-3͒ dimers.
configuration, where two dangling bonds are adverse on two neighboring dimers; ͑iii͒ the trans-dimer configuration, where the two dangling bonds are found to be cater cornered on two neighboring dimers; and ͓͑iv͒ and ͑v͔͒ the so-called sep-2 and sep-3 configurations, where the dangling bonds are separated by a distance which equals the width of two or three dimers, respectively. In the following, no distinction is made concerning which side of the dimer is occupied. Since the energy barrier for intradimer diffusion is low, 7, [20] [21] [22] several intradimer diffusion steps should happen during one heating pulse. In addition to the configurations of paired dangling bonds, about 50% of the newly created dangling bonds appear to be single ones, i.e., no second dangling bond is found on the same dimer row in their close neighborhood, very similar to the one shown in Fig. 2 . The origin of these single dangling bonds is not yet fully understood and possible explanations will be discussed later. At this point, we only want to note that the appearance of the single dangling bonds does not influence the investigation of the diffusion processes observed for the paired configurations of dangling bonds.
A detailed analysis of the distribution of the different configurations of dangling-bond pairs was carried out for series of STM images after one, two, and three consecutive heating pulses, as shown in Fig. 3 . The measured distributions shown in the bar plot in Fig. 5 then display the surface at different stages of the equilibration process: After one heating pulse and a desorption of 0.01 ML, most of the dangling-bond pairs are found in the cis-dimer configuration, which represents the original desorption site. Only a few diffusion events took place, causing a small population of the intradimer configuration or the sep-2 and sep-3 configurations. These results are consistent with earlier experiments. 5 After two heating pulses and a desorption of 0.02 ML, the intradimer configuration is already the most populated one, showing the rearrangement from the original desorption sites toward the energetically favored configuration. After three heating pulses and a desorption of 0.03 ML, the ratio between cisdimer and/or trans-dimer and intradimer configuration shifts even more toward the latter one. It is noticeable that after three heating pulses, the sep-3 configuration is more populated than the sep-2 configuration. This effect is traced back to the statistically distributed single dangling bonds, which enter the distributions at a higher amount of desorbed hydrogen.
This series of STM images and the respective danglingbond distributions of dangling-bond configurations clearly show the rearrangement from the original desorption sites of the hydrogen atoms toward the configuration in thermal equilibrium, i.e., a higher occupancy of the intradimer configuration as well as the sep-2 and sep-3 configurations. Whereas the former one is energetically favored, the latter ones are driven by an increase of entropy. However, after three heating pulses, the system H / Si͑001͒ has not reached the thermal equilibrium yet. A surface configuration much closer to thermal equilibrium is observed in the STM image shown in Fig. 6 , which was taken after ten consecutive heating pulses to ensure the longer heating time needed for diffusion. An area with a lower amount of desorbed hydrogen per laser shot and therefore lower surface peak temperature than in Fig. 3 was chosen for better identification of the dangling-bond configurations and to minimize nearestneighbor effects. The respective distribution of dangling bonds shows a much higher population of the intradimer configuration when compared to the other configurations ͑dark bars in Fig. 6͒ . Good agreement between the experimental results and Monte Carlo simulations that simulate much longer heating times than ten laser shots ͑light bars in Fig. 6 , details will be described below͒ shows that the observed distribution indeed represents the thermal equilibrium. The predominant population of the intradimer configurations therefore indicates that the thermal equilibrium of the H/Si͑001͒ surface is mainly energetically driven even at the high temperature of our experiment.
IV. MONTE CARLO SIMULATION
Monte Carlo simulations were used to quantitatively evaluate the rearrangement of the hydrogen atoms due to the laser-induced heating. The simulation starts by modeling the desorption of the hydrogen molecules. Hydrogen molecules are randomly desorbed via the cis-dimer reaction pathway until a desired amount of unsaturated dangling bonds has been created. The amount of unsaturated dangling bonds, which is used for the simulation, is taken from the experimental data.
To model the diffusion of the hydrogen atoms with the Monte Carlo simulation, we introduce hopping probabilities for the interdimer and intradimer diffusion ͓Fig. 7͑a͔͒. To optimize the simulation, the hopping probabilities are expressed in terms of an attempt frequency and an activation energy. This makes it then possible to take into account the fact that different hopping probabilities are observed for different hydrogen configurations due to the pairing energies of neighbored dangling bonds ͓Figs. 7͑b͒ and 7͑c͔͒. The simulations do not account for a varying surface temperature during the heating pulse. The use of a mean temperature for our simulations is justified by the fact that the temperature changes only very little during the time window when most of the diffusion and desorption takes place ͑Fig. 1͒.
The parameters in the simulation that are varied to fit the experimental data are then the number of interdimer jumps per dangling bond and laser pulse, the intradimer pairing energy , and the interdimer pairing energy . The number of interdimer jumps per dangling bond has the biggest influence on the Monte Carlo simulation. For the simulation of the different quantities of heating pulses, it was taken into account that the dangling bonds, which are newly generated by desorption, in average cannot carry out the full number of theoretically possible diffusion jumps during the heating of the surface since some of the dangling-bond pairs will be created only at the end of the laser pulse. Roughly, this reduces the average number of interdimer jumps by a factor of 0.5 for the newly generated dangling bonds of each heating pulse. Taking into account the temporal profile of the laser shot and using the extrapolated desorption and diffusion rates, we calculated a factor of 0.56. During the following heating pulses, the full amount of interdimer jumps is then applied. The pairing energies enter the simulation by increasing ͑decreasing͒ the diffusion barrier out of ͑into͒ a paired configuration by half the pairing energy.
To optimize each parameter for the Monte Carlo simulation, the deviation between experiment and simulation was calculated for varying parameters for the interdimer jumps and the pairing energies. The deviation is calculated by using the root-mean-square deviation between the experimental results and the results of the Monte Carlo simulation. In Fig. 8 , the deviation between experiment and simulation is shown after one heating pulse and for different values of interdimer jumps per dangling bond. In the middle of the bar plots on the right side, the results of the simulation that lead to the lowest deviation between experiment ͑dark bars͒ and simulation ͑light bars͒ are shown. Changing the value of interdimer jumps per dangling bond per heating pulse slightly ͑upper and lower bar plot͒ leads to a higher deviation and a worse reproduction of the experimental results. A quadratic fit to the data points of the deviation as a function of hopping rate ͑solid line͒ enables us to determine the optimized value for the interdimer jumps with an accuracy of 5%.
A similar procedure is applied to optimize the intradimer and interdimer pairing energies. In Fig. 9 , the deviation between experiment and simulation is shown for different values of the two pairing energies, as well as the best fit for both sets of data. Iterative application of the optimization procedure for all the three parameters finally leads to very good agreement between experiment and simulation, as shown in the bar plot in Fig. 3 . A nearly perfect match between the experimental results ͑dark bars͒ and the results of the Monte Carlo simulation ͑light bars͒ is observed. From this simulation, an intradimer pairing energy of = 0.319± 0.025 eV and an interdimer pairing energy of = 0.037± 0.010 eV were determined. Finally, with the full width at half maximum of the effective diffusion time ͑compare Fig. 1͒ , the interdimer hopping rates were calculated for the hydrogen atoms by using the obtained values for the interdimer jumps per dangling bond per heating pulse. The resulting hopping rates for the different numbers of heating pulses are summarized in Table I .
V. DISCUSSION
The effective pairing energies = 0.319± 0.025 eV and = 0.037± 0.010 eV found in this work can be directly compared with values from low-temperature experiments. They are in excellent agreement with previously published results by Hu et al., = 0.31± 0.04 eV and = 0.04± 0.01 eV, 14 which were obtained for an equilibrated surface at T = 650 K, as well as with theoretical studies. 12, 13, 23, 24 With respect to the interdimer hopping rates we can compare our results with earlier experiments by Owen et al. 6 and Hill et al. 7 They investigated interdimer diffusion rates for hydrogen on Si͑001͒ at temperatures between 400 and 700 K, where the STM is still able to follow the diffusion of the hydrogen atoms. Using their results for activation energy and prefactor of the applied Arrhenius law, one finds diffusion rates of R inter = 1.7ϫ 10 8 s −1 ͑Hill͒ and R inter = 3.0ϫ 10 7 s −1 ͑Owen͒ for T = 1410 K. Although we have to extrapolate the low-temperature data by more than five orders of magnitude for this comparison, we find very good consistency between our data and the results for the diffusion at lower temperatures. That means that by using laser pulsed heating for thermal activation of surface processes in combination with STM, we can indeed extend the observable range of reaction rates by many orders of magnitude when compared to video STM methods. This, together with the good agreement between low-and high-temperature results, is illustrated in Fig.  10 . The good agreement between the results of the low-and high-temperature experiments ͑Fig. 10͒ is at first view surprising because there are several possibilities why the high temperature diffusion might deviate from a simple extrapolation of the low-temperature results. For high surface temperatures, e.g., the diffusion rates become comparable to the vibrational relaxation times of the H-Si bond. 25 Since the hydrogen atoms are vibrationally excited after a diffusion step and, furthermore, such an excitation is expected to lead to a reduced diffusion barrier, similar time scales of diffusion and relaxation rates might lead to an increased possibility for correlated multiple jumps. A further possibility why one could expect a deviation from the low-temperature results is the flipping of the buckled silicon dimers. At the temperatures of our experiment, thermal energy is of the same order as the activation energy for this process. As a consequence, the flipping rate is very high. This might lead to changes in the electronic structure and therefore influence the diffusion barriers. However, from our experimental data, we have to conclude that these processes have only minor or no influence for hydrogen diffusion in the investigated temperature and coverage regime since the data fit the low-temperature data very well. So far, the experimental results on the laser pulse induced desorption from a monohydride Si͑001͒ surface and the subsequent rearrangement of dangling-bond configurations were interpreted and modeled by means of thermal desorption and diffusion processes. Although very good agreement both between the experimental results and the thermal diffusion model as well as between conventional and laser pulse induced heating data has been obtained, one should consider laser-induced electronic excitations as a further source to activate diffusion processes on surfaces. 26, 27 Indeed, on the clean Si͑001͒ surface, laser excitation with comparable wavelengths and laser flux can lead to electronically induced reorganization and desorption processes. 28 However, in the latter case surface electronic states of the dangling bonds are present, which can effectively be excited by the laser light. By the adsorption of hydrogen, these electronic states are quenched. The bonding and antibonding states of the Si-H bond are energetically too much separated for a direct excitation by light in the visible region and therefore no direct light-induced desorption or diffusion process can account for the observed reorganization on the surface. As a consequence, electronically induced hydrogen diffusion is highly unlikely to occur in the case of nanosecond laser heating of the surface with visible light.
Finally, we would like to discuss the appearance of single dangling bonds after pulsed laser heating in some more detail. Similar to the observed enhancement of H 2 desorption at high temperatures when compared to hydrogen diffusion, other high-barrier processes which become relevant only at the high temperatures of pulsed laser heating are likely to account for the appearance of the single dangling bonds.
Such a high-barrier process is interrow diffusion of the hydrogen atoms across the dimer rows. [20] [21] [22] It would lead to single unsaturated dangling bonds that are paired up on two neighboring dimer rows. Indeed, about a quarter of all single dangling bonds are found in this configuration, by far exceeding the number expected for a totally random distribution of hydrogen atoms, supporting this high-barrier process. From the number of paired dangling bonds on two neighboring dimer rows, we estimate an interrow hopping rate of R interrow ϳ 3 ϫ 10 7 s −1 . With a preexponential factor of 1 ϫ 10 15 s −1 , this converts into an activation energy of E A = 2.1 eV, considerably higher than the value for intrarow diffusion and within the range of the calculated diffusion barriers for this pathway, 1.8-2.72 eV. [20] [21] [22] Additionally, it was proposed earlier that highly mobile hydrogen atoms in an excited state move along the dimer rows until they recombine with a second hydrogen atom and desorb. 29 On the basis of our data for the distributions of single dangling bonds, neither do we find experimental evidence which backs up such a process to be responsible for the single dangling bonds nor can it be excluded.
However, with diffusion of single hydrogen atoms from the surface into the silicon bulk, there exists a further highbarrier process, which seems to be more likely to account for the remaining single dangling bonds. Although hydrogen diffusion in silicon single crystals proceeds fast and has an energy barrier of only 0.48-0.56 eV, 30, 31 the barrier for hydrogen diffusion from the silicon surface into the bulk is expected to be considerably higher. The comparably low binding energy for hydrogen in bulk silicon ͓1.3 eV ͑Ref. 30͔͒ when compared to the value on the surface ͓3.2 eV ͑Ref. 32͔͒ is expected to be overcompensated by the gain in entropy when changing from a two-dimensional to a threedimensional system.
VI. CONCLUSION
In summary, we have been able to follow the rearrangement of the empty silicon dangling bonds from the original H 2 desorption sites to an energetically more favorable configuration using a combination of STM and nanosecond pulsed laser heating. Using increasing numbers of consecutive heating pulses allowed us to take snapshots of the rearrangement process at various stages of the equilibration process with atomic resolution. Diffusion processes associated with rates as high as 10 8 s −1 could be followed. Using Monte Carlo simulations, the experimental results were accurately reproduced by thermal processes only and pairing energies for dangling bond states on the Si͑001͒ surface were deduced for high surface temperature. Both the diffusion rate and pairing energies are in exceptional agreement with values obtained at much lower surface temperatures. The results document that our technique of combined pulsed laser heating and STM enables us to follow fast surface processes in real time with high spatial resolution.
